research at NASA Glenn Research Center has addressed the design of structures, aircraft and airbreathing propulsion engines. During solution of the multidisciplinary problems several issues
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were encountered. This paper lists four issues and discusses the strategies adapted for their resolution. 
I. Introduction
Optimization research at NASA Glenn Research Center has addressed the structural design of airbreathing propulsion engines and Space Station components, aircraft synthesis, as well as performance improvement of the engines. The accumulated multidisciplinary design activity is collected under a testbed entitled COMETBOARDS (ref. 1) . Several issues were encountered while generating solutions to the multidisciplinary problems. This paper lists four issues and presents the strategies that were employed for their resolutions. 
II. COMETBOARDS Testbed
The design optimization testbed COMETBOARDS can evaluate the performance of different optimization algorithms and analysis methods while solving a problem. It is a research testbed but not a commercial code. Themodule"Structural design----Subproblem strategy andParallel computational environment" refersto designof structures throughregularoptimizationor a subproblem strategy. This strategy is availablein sequential andparallelcomputational environments (ref. 14) . "Multiple disciplines"refersto thesolutionof a problem, whichis definedthroughdifferentdisciplines. COMETBOARDScanaccommodate several disciplineseachof whichcanbefurtherdividedinto subproblems. Subproblem strategy is anattempttoalleviateconvergence difficultiesthatcanbe encountered duringthe solutionof alargeoptimizationproblem. In this strategy thelargeproblem is replacedby a sequence of overlapping modest subproblems. Thesolutionto thelargeproblemis obtainedby repeating thesolutionto thesetof subproblems until convergence is achieved.
Substructure strategy, a keymoduleof COMETBOARDS, is furtherillustratedthroughthe designof a cargo-bay supportof theInternational Space Station.Thesupportstructure is fabricated out of four plates, a clusterof platesreferredto asa box,andfive beams, asshownin Figure2. For thepurposeof design,thesupportsystem wasdividedintofour activeandonepassivesubstructures.The first substructure wastheclosedbox (FGHKIJ)consistingof five plates. Its finite element modelwasobtainedby discretizingit into 72 (QUAD4) shellelements. Thesecond substructure wasa trapezoidal plate(FHEC),andits finite element modelhad37shellelements. Thethird and fourth substructures weretriangularplates(GHEandGHD) with 12finite elements each. Thefifth substructure contained thefive connecting beams BD, BG, AD, AG, and AF. The beam designs were not changed.
These passive variables did not participate in the design calculations but were retained during reanalysis. Examples with more than 40 independent design variables and several hundred constraints are referred to as large problems, see Figure 3 (b). The success rate of different optimization algorithms for 10 large structural problems is also depicted in a Venn diagram in Figure 3 (c). Cascade solutions for the problem are given in a table (see insert 3(e)). The success of an algorithm is represented by unity, which is the normalized value of the merit function, see Every structural problem could be solved by at least one of the six different optimization algorithms. However, even the most robust optimizer encountered difficulty in generating optimum solutions for aircraft and engine problems.
III. Illustrative Examples
For the purpose of illustration, we have selected six problems: Augmentation of animation into optimization is illustrated through Problem 1. Problems 2, 3, and 4
illustrate the cascade strategy. Problem 5 addresses shape optimization. The subproblem solution strategy is illustrated through problem 6. Brief definitions of the problems follow. 
III.1 Problem 1: Structural Design of an Engine Component

Ilia Problem 4: Design of a Wave-Rotor-Topping Device
A high bypass-ratio subsonic wave-rotor topped turbofan engine is made of 16 components that are mounted on two shafts with 21 flow stations. It was modeled with standard components that include an inlet and a splitter, then branching off to a compressor, a duct, and a nozzle. The main flow proceeded through a fan, a duct, a high-pressure compressor, a duct, a high-pressure turbine, a low-pressure turbine, a duct, and a nozzle. The components mounted on the first shaft included the fan, the compressor along the secondary flow branch, the low-pressure turbine, and a load. The second shaft carried the high-pressure compressor along the main flow, the high-pressure
turbine and a load. The four-port wave-rotor (with burner inlet and exhaust, compressor inlet, and turbine exhaust), was located between the high-pressure
compressor and the high-pressure turbine.
The engine operating condition was specified by a 47-mission flight envelope, with altitude in the range (sea level to 40 000 ft) and speed between (0.0 to 0.85) Mach. To examine the benefits that accrue from the wave-rotor device, the engine was optimized considering several of its baseline variables and constraints, not explicitly associated with the wave-rotor, as passive. The design objectivewasto maximizethenetenginethrustateachof the47 operatingpoints. It hadtwo designvariables: heataddedto the wave-rotor andthewave-rotor speed.Its 16behaviorconstraints includedthe corrected speed ratiofor thecompressor andthefan,the unmixedwave-rotortemperature,thesurgemarginon thecompressor, andthefan pressure ratiofor theturbine.
Problem 5: Cantilever Beam
Calculation of an optimum profile or depth along the length is illustrated considering the cantilever beam shown in Figure 5 . 
Problem 6: Cylindrical Shell
A cylindrical shell with rigid diagrams under two line loads is shown in Figure 6 . It is made of steel with a Young's modulus E = 30×106 psi, a Poisson's ratio v = 0.3, and a weight density p = 0.289 lb/in 3. It has a radius of 100 in. and length of 200 in. Because of symmetry, only one-eighth of the structure was considered for design. A finite element model with 100 QUAD4 elements of the MHOST analyzer was considered adequate to predict its response. Its design was cast as an optimization problem with weight as the objective function and constraints were imposed on stress and displacement.
The thickness of the cylinder along its length and circumference were considered as design variables through a profiled depth link factor to provide a heavier design under the load. The oneeighth shell model was divided into four substructures along its length. The substructures were clustered to obtain three and four subproblems for sequential and parallel computations, respectively. An additional fourth subproblem was required to avoid convergence difficulty in parallel calculations.
IV. Issues in Muitidisciplinary Design Optimization
The four issues: (a) local solution and animation, (b) infeasibility and cascade strategy, (c) irregular design and intuition, and (d) substructure solution and manufacturability are addressed in this section.
IV. (a) Local Solution and Animation
The design of the flap or Problem 1, which is depicted in Figure 4 (b), was obtained using three optimization algorithms. All three methods produced the same optimum weight of 1448.2 lb. At the optimum, the frequency at 40 Hz and displacement at 1 in. were the active constraints. Stress and local instability were passive constraints. Its animation at the 40 Hz frequency was examined, and one frame is depicted in Figure 4 (c). The animation exhibited a local frequency condition. The edge beams vibrated with significant amplitude, while the response of the rest of the structure was insignificant.
In other words, only a small part of the structure carded a major portion of the load.
In this design, the edge-beams became more failure prone than other parts of the structure.
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The configuration of the flap was modified through an examination of the animation of a series of designs. The final modified configuration was obtained by increasing the depth of a single edge stiffener to 6 in. from its original 3-in. depth. This configuration was optimized. The increase in the material for this stiffener was compensated for by a reduction in the thickness of the edge beam by 58 percent between the two configurations. The dynamic animation of the flap and the von Mises stress distribution are shown in Figures 4(d) and 4(e), respectively. The structure vibrated in a breathing type of mode, or the entire flap responded as a single unit. The optimum design also displayed a full stress condition for a major portion of the flap as shown in Figure 4 (e). The optimum weight at 1204.7 lb. was 20 percent lighter than the original configuration. Animationassisted optimization reduced the weight and improved the overall design of the flap.
IV. (b) Infeasibility and Cascade Strategy
Individual optimization algorithms encountered difficulty in generating solutions to aircraft and engine problems. A useful strategy that combined the strength of more than one optimizer was conceived. This cascade strategy, using a number of optimization algorithms, one followed by another in a specified sequence, was found to be superior to the component optimizers, see Figure 7 . The subsonic aircraft system design problem was solved using a three-optimizer cascade algorithm: optimizer 1, tbllowed by optimizer 2 and optimizer 1 again. The cascade solution, along with solutions obtained from individual algorithms, is depicted in Figure 7 and Table I . Solution of the mixed-flow supersonic and wave-rotor-topped subsonic engines also required the cascade strategy. A two-optimizer cascade, (optimizer 3 followed by optimizer 2) successfully solved the supersonic engine problem, see Figure 7 (d). The solution to the wave-rotorenhanced subsonic engine, see Figure 7 (e), required a three-optimizer cascade algorithm: optimizer 1 followed by optimizer 2 and optimizer 1 again. 
IV.(c) Irregular Design and Intuition
The profile optimization of the cantilever beam, or Problem 5, was attempted with uniform upper and lower bounds for the design variables at 0.5 in. and 15 in., respectively, see Table II . The optimization problem was solved using optimizer 4. The solution obtained is shown in Figure 5 and Table II . The optimum weight was 1697.5 lb, and the root stress was the only active constraint. An odd-shaped profile shown in Figure 5 
problems.
This procedure produced a converged solution that is shown in Figure 5 . It had the same minimum weight of 1697.5 lb, which was identical to the odd-shaped design. Its root stress and tip displacement were the active constraints.
For this problem, optimization algorithms converged to two distinct local solutions with equal minimum weight. Industry will be more inclined to accept the monotonically profiled beam than the odd-shaped design.
The flap design and beam profile calculations represent typical problems of the aerospace industry. Neither problem could be solved satisfactorily without manual intervention. The difficulties encountered to some extent justify the reluctance of the aerospace industry to accept advanced optimization methods, abandoning their time-tested design rules. Neither mathematical programming algorithms nor the traditional design rules could produce optimum hardware configurations that could be manufactured.
Their combination, however, was a winner.
IV.(d) Subproblem Solution and Manu.facturability A nonmanufacturable
solution obtained in the subproblem strategy is illustrated considering the design of a cylindrical shell problem, or Problem 6. Solution to the problem was obtained using:
(1) Regular optimization, where the entire structure was considered as a single problem. (2) Subproblem solution, wherein four overlapping substructures were used.
The optimum profiles for the cylindrical shell obtained using regular and subproblem strategies are depicted in Figure 6 . The two optimum weights obtained were 1161.95 lb and 1154.1 lb for regular and subproblem strategies, respectively. The difference of 0.676 percent in the solutions could be considered negligible especially for the problem complexity. The depth differed substantially between the two solutions. At the crown, the optimum depths of 1.322 in. and 2.471 in. obtained by the two methods varied by 53 percent. At the optimum, the regular optimization and the subproblem strategy produced a different number of active constraints. The subproblem strategy produced only active stress constraints, whereas both stress and displacement constraints were active for the regular optimization.
The profile obtained using regular optimization was more uniform than that generated through subproblem optimization.
To verify the existance of two different designs (one obtained from the subproblem strategy and the other from the regular optimization), we resolvedtheregularoptimizationcaseby settingtheinitial designequaltothe optimumsolution thatwasgenerated from thesubproblem strategy.Thesolutionconverged to theinitial design, confirmingtheexistence of thetwo local solutionswith aboutthe sameminimumweight. Forthis problemtheattractiveness of subproblem strategy hasbeenchallenged because thedesignthus obtainedis moredifficult to manufacture compared to theregularsolution. Theauthorsarenot awareof a scheme to alleviatethis limitationof the subproblem solutionstrategy.
V. Discussions
Discussion is given for multiple design solutions and the convergence of algorithms.
V.1. Multiple Design Solutions
More than one optimum solution can be obtained for engineering design problems. Design improved as we moved from the lower to upper spectrum methods but complexity increased.
The design optimization method is in existence for about half a century, yet its full potential has yet to be exploited by industry. The situation can be improved by merging design optimization with the engineering knowledge contained in the broad spectrum methods. This goal can be achieved when proponents of the optimization method and industrial designers work in tandem.
V.2. Convergence of Optimization Algorithms
Consider the convergence of the subsonic aircraft weight by two different algorithms, shown in Figures 7(a) and 7(b). Convergence was monotonic by both methods even though the rate differed, as expected.
A similar trend was observed for the engine problems. Convergence at times oscillated about a mean solution until the maximum iteration limit was reached. Redundancy of the active constraints, their continuity and convexity may have created this situation. Engineering design problems may not satisfy some of the basic requirements that form the foundation of mathematical programming methods.
For example, the stress and displacement constraints of structural problems are by nature redundant (ref. 2) . The specified range of the constraints of engine and aircraft problems are susceptible to violation during optimization calculations. Optimum solution to multidisciplinary problems of the industry have to be obtained utilizing available analysis and optimization capabilities.
The cascade strategy was found successful in generating reliable solutions for structures, aircraft, and engine problems. The cascade strategy was required even when neural network and regression approximators were used to approximate constraints and merit functions of the engineering design problems--this however was not expected.
VI. Conclusions
An animation-assisted optimization successfully solved the flap design problem. Cascading of multiple algorithms solved aircraft and engine problems. The beam profile problem was solved through an incorporation of engineering intuition. Generating a regular manufacturable design using a subproblem optimization scheme still remains a challenge.
Bringing optimization methods to their rightful industrial environment from the academic plane requires the combined effort of designers and optimization researchers. 
